The use of aluminium alloys continues to grow in many applications to mention a few aerospace, automotive, electronics, electricity, construction and food packaging. With so much demand there is a new interest in welding of dissimilar aluminium alloys. Some of the welding techniques used to join dissimilar aluminium alloys include friction stir welding and TIG welding. The welding of dissimilar alloys affects the mechanical properties negatively due to porosity and cracking during the welding. This then suggests that there should be a process which can be used to improve the dissimilar alloys mechanical properties post its production.
The microstructure analysis revealed grain refinement from 30µm (A5052-H) to 10µm in the FSW joint by dynamic recrystallization. The hardness decreased from 70HV (BM A5052-H) to 60HV in SZ. Hardness distributions of the cross-section revealed that the intermetallic compounds (IMCs) partly existed in stir zone (SZ) . The tensile test results showed that all samples of the dissimilar FSW joint broke at the stir zone of AA5052. The ultimate tensile strength (UTS) and elongation of the dissimilar joint were 147MPa and 3.4% respectively. The dissimilar joint efficiency of 61% was achieved between A5052-H and AZ31B.
Cavaliere & Panella, [11] conducted a study on the effect of tool position on the fatigue properties of dissimilar 4mm thick 2024-7075 AA sheets joined by FSW. The welding parameters utilized were the rotational speed of 1600rpm and traverse speed of 120mm/min. AA2024 was situated on the advancing side of the tool and AA7075 was situated on the retreating side. The tests conducted were residual stresses, Vickers hardness, tensile, microstructural analysis and fatigue tests. The highest measured hardness value (190HV) was found in the nugget zone of the material with the tool 1mm far from the weld line, 150HV on the HAZ region with the tool at 1.5mm from the weld line. The maximum tensile properties of 2024-7075 AA joint obtained were the UTS of 460MPa, yield strength of 395MPa and elongation of 4.5%. A ductile behaviour was noticed on the fracture surfaces of the tensile tested specimens characterized by the presence of very fine dimples. The strong effect on fatigue crack growth was attributed to the positive Kr value measured on the cross-section of the different welds.
Peng et al., [12] successfully friction stir welded the 5mm A06-H112 and 6061-T651 aluminium alloys under forced air cooling (FAC) and natural cooling (NC) conditions. AA5A06 was positioned on the advancing side and AA6061 on the retreating side. The pressure of the forced air was 0.5MPa, and the blowing direction was along the welding direction and had an intersection angle of 30° with the surface of the materials. Three different tool rotational speeds of 600, 900, and 1200rpm and two welding traverse speeds of 100 and 200mm/min were applied. Tensile tests, microstructure analysis, nanoindentation hardness test, and tensile fracture analysis were performed. The nanoindentation hardness tests results and microstructure analysis showed that the cooling process can be accelerated using forced air cooling, suppressing the coarsening of grains and the dissolution of precipitate phases, contributing to strengthening and narrowing the weakest area of the joint. The tensile strength of FAC joints was improved by 10% when compared with NC joints. SEM analysis of the tensile fracture surface showed an increase in the number of dimples and reduction of dimple size of the FSW with FAC compared to those of NC.
Upadhyay and Reynolds, [13] investigated the effects of thermal boundary conditions in friction stir welded 6.35mm thick 7050-T7451 high strength aluminium alloy sheets. Welds were made under laboratory air and completely submerged in water conditions. The submerged condition was a mixture of 50% ethylene glycol, 50% water and 13.6kg of dry ice resulting in a steady far-field plate temperature of approximately −25⁰C during FSW. The temperature during FSW was recorded using thermocouples spot welded into the probe on the axis of rotation on the probe mid-plane height. Thermocouples were also placed on the HAZ region with a minimum hardness on the advancing side of the weld at the mid-plane height. Weld response variables, hardness distributions, joint strength and nugget grain size were measured and correlated with boundary conditions and welding parameters. In the submerged welds a consistent decrease in the peak temperature and increase in cooling rate were observed. Submerged welds showed improvement in tensile strength and elongation in comparison to traditional FSW (in the air).
During the FSW of dissimilar alloys intermetallic compounds (IMCs) are formed. IMCs have a brittle nature which could lead to a greater mechanical weakness [14] . FSW also allowed joining of 3mm thick dissimilar AA2024-T3 and AZ31 magnesium alloy [15] . A constant rotational speed of 2500rpm and varying welding speeds (200, 300, 400 and 550mm/min) was used. SEM outfitted with EDS was used to dissect the dissemination of stages in the SZ. The results revealed that on the regions occupied by AA2024, the redistribution of phases in the SZ lower portion was caused by increasing the welding speed, while the AZ31 concentrated the region beneath the tool shoulder. Regardless of the welding speed on the advancing side of AA2024 a laminated structure was formed in the SZ near the boundary between SZ and TMAZ. However, in the HAZ region of the same alloy increasing welding speed had a significant influence on the hardness distribution, but less effective for AZ31 located on the retreating side. The hardness in SZ increased from 65 to 220HV due to the presence of the IMCs. The major difficulty was experienced in controlling the formation of IMCs in the interface between both materials. AA6061-T6 and AA7050-T7451 were friction stir welded to assess the microstructure and mechanical properties of the dissimilar welded joint. [16] . The welding parameters used included three different tool rotational speeds (270, 340, and 410rpm) and a constant transverse speed of 114mm/min. AA7050-T7451 was positioned on the advancing side and AA6061-T6 was positioned on the retreating side of the tool. Tests conducted included tensile testing, microhardness, microstructural analysis, SEM and EDS. The EDS results confirmed the existence of three distinct layers. Layer 1 and layer 2 consisting of the nominal composition for the AA6061 and AA7050 respectively and layer 3 consisting of a combination of both alloys. Similar results were reported by Gou et al., [17] on dissimilar AA6061-AA7075 FSW. The increase of tool rotational speed resulted in increase in material intermixing and joint strength. During the tensile test, all the specimens fractured on the AA6061 side of the joint on the HAZ due to low tensile strength. However, for the low tool rotational speed, failure occurred in the stir zone due to poor material intermixing. SEM analysis revealed the presence of a large number of dimples indicating the overload and ductile nature of the fracture.
Mofid et al., [18] performed a study on the friction stir welding of the 3mm thick AZ31C-O magnesium alloy to 5083 aluminium alloy in air and under nitrogen liquid. The rotational speed of 400rpm and travel speed of 50mm/min were used. K-type thermometers were embedded on the workpieces. The temperature profile, microstructure, SEM analysis and hardness tests were conducted. In the stir zone of the air-welded specimen, there was a formation of IMCs because of constitutional liquation causing the weld to crack. The stir zone of under liquid nitrogen-welded specimen showed that the formation of IMCs was suppressed significantly because of lower heat input. The XRD analysis results exhibited the intermetallic phases of Al3Mg2, Al12Mg17 and Al2Mg3. The stir zone of the underwater welded specimen showed a smoother interface and less intermixing. The obtained maximum temperature during the welding was 676K and 651K respectively during air weld and under water weld.
Dissimilar aluminium alloys 2024-T365 and 5083-H111 were successfully welded by friction stir welding process [19] . Varying process parameters were employed to analyse the influence of microstructure and tensile properties. The combination of the highest speeds of 1120rpm, 1400rpm and 80mm/min achieved the best strength and joint efficiency of 90%, due to the generated sufficient heat. Square pin profile produced higher strength joints compared to triangular and stepped profiles due to the four pulses per revolution.
Placing AA2024 (harder alloy) on the advancing side (AS) improved the joint strength. Cole et al., [20] also noted that the material placed on the advancing side dominates a major portion of the weld zone.
A vertical milling machine was used to friction stir weld aluminium alloys 6035 and 8011 for evaluation of the mechanical properties in the dissimilar weld joint [21] . The welding parameters used were a constant rotational speed of 550rpm and varying welding speeds of 40-90mm/min. The tests performed to evaluate the FSW joint were the tensile tests, microstructural analysis and hardness tests. The more certifying results were at a welding speed of 60mm/min. The maximum tensile strength of 50MPa and maximum hardness of 91HV were obtained. The weld zone was divided into three regions (centre of weld, AA6035, AA8011) based on the microstructure. The centre of weld had fine grains due to dynamic recrystallization with higher tensile strength and hardness.
The dissimilar friction stir welding of undiluted copper and 1350 aluminium alloy sheet with a thickness of 3mm was investigated [22] . The AA1350 was placed on the advancing side of the tool. The welding parameters employed include a rotational speed of 1000rpm and a welding speed of 80mm/min. Microstructural analysis, hardness tests, tensile tests and SEM analysis were conducted. The microstructural results in the nugget zone showed the vortex-like pattern and lamella structure. There was no formation of IMCs in the nugget zone. The hardness dispersion revealed that the hardness on the copper side was higher than that on the AA side and the hardness at the bottom of the nugget was generally higher than those previously mentioned. The tensile properties of the dissimilar welds were UTS of 152MPa and elongation of 6.3%. A ductile-brittle mixed fracture surface was observed on the dissimilar joints of the tensile tested specimens.
The 6mm thick sheets of aluminium alloys 6061 and 5086 were friction stir welded together to analyse the evolution of microstructure in the stir zone and its influence on tensile properties of the joints [23] . The welding parameters used were the rotational speed of 500rpm, traverse speed of 35mm/min and the axial force of 4.9kN. The microstructure analysis, microhardness and tensile tests were conducted. The tensile properties of the joints correlated with microstructural features and microhardness values. The dissimilar joint exhibited a maximum hardness of 115HV and a joint efficiency of 56% which was higher than the hardness of the base metals. This was attributed to the defect-free stir zone formation and grain size strengthening.
TIG Welding of Dissimilar Alloys
One of the most important things to consider for TIG welding is the filler metal, which mainly depends on the alloys to be welded. Ishak et al., [24] investigated the welding of dissimilar aluminium alloys 6061 and 7075 using different filler metals namely ER4043 (Si-reach) and ER5356 (Mg-reach). The tests performed included visual appearance, microstructure and hardness tests. The results revealed that welding using filler ER5356 produced deeper penetration compared to filler ER4043. The use of ER5356 resulted in the depth of penetration of 1.74mm and 0.9mm of penetration attained using ER4043. Microstructures at different zones of dissimilar TIG joints such as the fusion zone, the PMZ and the HAZ were identified. The grain size (11.4μm) at fusion zone (FZ) for filler ER5356 specimens was finer than that of filler ER4043 which was 19.5μm.
Average hardness values for filler ER5356 specimens were higher compared to filler ER4043 ones, which were 100HV and 86HV, respectively at HAZ of AA6061, 110HV and 88HV, respectively at FZ, while 113HV and 85HV, respectively at HAZ of AA7075. TIG welding using the ER5356 filler yielded better joint compared to ER4043.
The 12mm thick 5083 aluminium alloy was successfully TIG welded for the examination of the microstructure and mechanical properties on the welded joint [25] . A 12mm thick AA5083 plate and an ER536 filler wire were used. The results of the welded joint showed a fine and homogeneous microstructure when compared to the base metal. The microstructure in the HAZ was slightly coarsened compared to the microstructure in the weld. The tensile strength of welded joints was over 90% of that of 5083 base metal. The welded joint had high strength and ductility when compared to the base material ones.
TIG welding of dissimilar aluminium alloys is challenging due to the formation of brittle intermetallic compound (IMC). The IMCs have a negative effect on the joint's strength. Aluminium alloys 5083-H111 and 6061-T6 5mm thick plates were TIG welded using ER4047 filler rod [26] . Similar studies on TIG welding of 5083-O and 6061-T6 aluminium alloys were conducted by other researchers [27] , [28] , [29] , [30] and [31] . The welding parameters used were a current of 200Amps, travel speed of 150mm/min and a voltage of 16V. The tests conducted included Vickers hardness, tensile tests and microstructural analysis. The results for the tensile properties of the welded joint were the UTS of 115MPa, percentage elongation of the welded joints of 3.09% and welded joint efficiency of 35.38%. The hardness value of the welded joint on the AA5083 side was more or less equal to the hardness value of AA5083, whereas, the hardness value on the AA6061 was above 120HV1. This was said to be due to the formation of the magnesium-silicon (Mg2Si) precipitates on the AA6061 side. The microstructural results showed elongated grains in the rolling direction. The microstructure of the weld joint was fairly coarser than the other two (AA5083 and AA6061). On the intersection, micropores and cavities were observed. The reduction in the ductility of the welded joint due to the presence of columnar grains is because of their anisotropic nature.
Narayanan et al., [32] TIG welded the aluminium alloy 5083. The welding parameters used were the welding currents of 200A and shielding gas flow rate of 15l/min. Various tests like tensile test; microhardness, macrostructure and microstructure study were conducted on the welded specimens. The test results showed the ultimate tensile strength of 281MPa, the hardness of weld metal of 73.5HVN. The obtained results were lower in comparison with the commercial mechanical properties of the AA5083 in which the UTS is 317MPa and hardness is 96HVN. In the heat affected zone precipitates were formed resulting in less elongation and increase in hardness, so the brittleness of material increased and the tensile strength of material decreased when compared to the base material.
A study on improving the welding quality of AA6031 plates using an automated TIG welding system was performed by Mohan, [33] . The welding parameters used were current of 180A, 50V voltage, welding speed ranged from 3.5-5mm/s, and a gas flow rate of 8-10l/min. The results showed a maximum tensile strength of 111.9MPa which was much lower than the tensile strength of the pure aluminium (90MPa). Additionally, the tensile strength of the weld joint was dependent on welding speed and welding current. The tensile strength value of the welded joint decreased from about 110MPa to 75MPa as the welding speed increased from 3.5mm/s to 5mm/s. The hardness value of the weld zone changed with the distance from weld centre due to change of the microstructure. For both sides, the welding tensile strength was found almost equivalent to the strength of base material.
TIG welding of 5083 and 6061 dissimilar aluminium alloy was conducted by Baghel & Nagesh, [34] . The thickness of the plates was 6.35mm. Tests performed included microstructure, tensile tests, microhardness, fractographs, and radiography to check porosities and lack of penetration. The results for the UTS of the weld joints were 213MPa, yield strength was 176MPa and elongation was 12%. Microstructural analysis results showed that both AA5083 and AA6061 undergone dynamic recrystallization. The higher and lower hardness results of 98HV and 72HV were attained at the fusion zone. The grain size increased as the welding speed increased. The fractographs results exhibited a dimple type rupture present at the surfaces due to insufficient or excessive heat which resulted in weaker weld integrity.
KumarSingh et al., [35] analysed the mechanical properties and microstructure of the AA5083 on the TIG welded joints. A constant current of 134A and gas flow rate of 7l/min were used during welding. The results revealed that tensile strength increased with the increase in welding speed but this linear relationship was noted until the speed of 100mm/min. Subsequently, after 100mm/min the tensile strength started to decrease as the welding speed continued to increase. The welding speed, current and gas flow rate were found to be very important parameters which were directly affecting the tensile strength of welded specimen and also plays an important role in metallurgical changes. The microstructure of the weld pool showed a refined grain size in comparison to the base metal.
TIG welding of dissimilar aluminium alloys 2014 and 5083 was successfully investigated by Sayer et al., [36] .
One-sided TIG welding was applied with two passes. The welding parameters used were the Magmaweld TAL 4043 filler, current of 140A (root) -150A (top), the voltage of 14V and argon gas flow rate of 10l/min.
The tests performed included Vickers hardness, tensile tests and microstructural analysis. The microstructural analysis results in the weld region showed nonhomogeneous less equiaxed grain distribution with bigger diameters when compared to AA2014 and AA5083-O base metals. The grain size increase was said to be due to severe heat input. The tensile test results of the TIG AA2014 -AA5083 weld joint were a yield strength of 128MPa, UTS of 175MPa and elongation of 2.6%. The obtained values were lower than both BM values (42% and 74% for AA2014 and AA5083, respectively). The tensile test specimens fractured in the welded region. The SEM analysis revealed that a brittle fracture dominated the welds with the fracture zone located in the welded centre. The hardness resulted reported a sharp decrease of 84HV on the HAZ region of AA2014 side, due to severe heat input. Hardness increased in the weld region on the AA2014 side followed by a decrease at the weld centre; due to the high Si content in the filler material. No significant decrease reported in the hardness on the HAZ region of AA5083.
Singh et al., [37] reported the mechanical properties of TIG welding at different parameters with and without the use of flux. The welding parameters used in the study included the welding current range of 105-140A, arc voltage of 16-18V, electrode diameter of 1.6-2.4mm and the gas flow rate of 8-10l/min. The results showed that the hardness (HRC) decreased from 65 to 60.2 (without flux), and from 58 to 52.5 (with flux) when the current increased from 105 to 140A. The results also showed that the increase in diameter of an electrode resulted in an increase in the hardness value. Additionally, the hardness of the weld joint was less in the case of welding without flux as compare to welding with flux.
AA7075-T651 and AA6061-T6 were TIG welded with the aim to investigate the hardness of the centre weld joint of the dissimilar aluminium alloys [38] . The welding parameters used were; Al-Si alloy filler wire with a diameter of 4mm, the flow rate of argon shield gas of 15l/min, the welding voltage of 80V, current of 280A, and the welding speed of 15mm/s. Brinell hardness tests and microstructural analysis tests were employed.
The hardness recorded in the weld metal was 70.7BHN for the dissimilar joint. The voids presence in the TIG welds contributed to the reduced hardness of the joint.
Friction Stir Processing of Similar and Dissimilar Aluminium Alloys
The processing of dissimilar aluminium alloy 2024 and 6061 of 3mm thickness was accomplished using friction stir processing [39] . Mitsubishi CNC M70V milling machine was used for the application of FSW and FSP. Optimum welding parameters were used. The best results were obtained at the rotational speed 1800rpm and traverse speed of 25mm/min. Tensile tests, microstructural tests, residual stress analysis and X-ray tests were conducted. The results revealed the UTS efficiency of 77% and 71% for FSP and FSW respectively. The best microhardness value of 193.5HV was obtained across the weldment for FSP, and 139.8HV for FSW. The hardness of weld nugget was considerably higher than that of AA6061 base metal (BM) but comparatively lower than the AA2024 BM. FSW caused a decrease in the displacement density which resulted in a decrease of the microhardness. The FSP joint had a higher Vickers hardness value than the FSW joint because of FSP grain refinement and which was in agreement with the Hall-Petch relationship, which states that the hardness increases as the grain size decreases.
Karthikeyan and Kumar, [40] studied the relationship between process parameters and mechanical properties of a single pass friction stir processed 6063-T6 aluminium alloy plate. Processing was performed at different axial forces (8, 10 and 12KN), traverse speeds (22.2, 40.4 and 75mm/min) and tool rotational speeds (800, 1000, 12000, 14000 and 16000rpm). The results showed that at lower axial force FSP material exhibited lower tensile and ductility properties and on increasing the axial force, attained peak values but decreased with further increase. The specimens processed using an axial force of 10KN, tool feed of 40.2mm/min and a tool rotational speed of 1400rpm had an increase of about 46.5% in the tensile strength and ductility increased from 3% to 133%. The hardness followed the same trend as that of tensile properties.
Friction stir processing was applied on 6mm thick AA6056-T4 plates in order to break the large second phase particles into smaller and more resistant fragments [41] . Welding parameters used included a tool rotation rate of 500rpm and a traverse speed of 200mm/min. Microstructural analysis and tensile tests were performed on the FSP weld. The results showed that the intermetallic particle size decreases with the number of FSP passes. FSP was found to homogenize the particle distribution. Tensile test results revealed that the fracture strain of FSP samples was improved up to 90% in the best case compared to the base metal ones. Friction stir processing exhibited isotropy in fracture strain. From the results attained it was clear that FSP increased the ductility of the specimen compared to the base metal.
Mazaheri et al., [42] used the FSP technique to produce the A356/A2O3 surface composites. X-ray diffractometer, microstructural analysis, SEM, microhardness nanoindentation tests were used to characterize the samples. The microstructural analysis results of the A356/A2O3 indicated that A2O3 particles were well distributed in the aluminium matrix, and good bonding of the same alloy was generated.
The FSP with A2O3 particles increased the microhardness of the substrates. The microhardness values for the dissimilar joint of A356-A2O3 and A356-nA2O3 surface composite were about 90 and 110HV, respectively. The hardness of the sample treated by the FSP without A2O3 particles and the as-received A356 were about 67 and 80HV, respectively. The results obtained from nanoindentation technique showed better microhardness and elastic modulus values for A356/A2O3 surface composites in comparison with asreceived A356 and friction stir processed specimen (no A2O3).
Kalashnikova and Chumaevskii, [43] showed that friction stir processing can be used efficiently to the TiC particles distribution in aluminium based samples. A 2mm groove was prepared in the AA6082 plate in which reinforcement particles were dispersed using a tool. The process parameters employed were a tool rotational speed of 560rpm and traverse speed of 40mm/min. The mechanical properties improved after FSP due to modification in the microstructure. TiC particles significantly improved the microhardness and strengthened the composite. The highest hardness achieved was 73.5HV and was measured on the zone with the accumulated additional TiC particles.
The effect of FSP on AA2024-T3 was studied by Hashim et al., [44] . A 5mm thick, 250mm long and 100mm wide plate was used. A vertical milling machine was used for the friction stir processing of the plate. The process parameters used included the flat pinless cylindrical shoulder of 10mm, rotational speed of 945rpm and a traverse speed of 85mm/min. Tensile tests, microstructure analysis and hardness tests were conducted.
FSP resulted in an increase in hardness of the processed joint compared to the base material. An increase in yield strength, percentage elongation and UTS compared to those of the base material was noted. The microstructure grain size refinement correlated with the tensile and hardness test results.
The cast Al-Si base alloy was subjected to friction stir processing for the analysis of mechanical properties [45] . The tensile properties of cast AC8A alloy were improved after FSP, particularly the tensile elongation, which increased from < 1% to 15.4%. FSP resulted in improvement of the tensile strength as the result of a combination of dissolution, coarsening and strengthening precipitates, which were attained by the FSP parameters. Jana et al., [46] investigated the FSP effect on fatigue behaviour of the cast Al-7Si-0.6 Mg alloy.
The results showed five times improvement in fatigue life for a hypoeutectic Al-Si-Mg cast alloy. FSP eliminated the porosities and refined the Si particles resulting in a decrease of the crack growth rate. In addition, FSP resulted in both break-ups of the dendritic microstructure and complex material mixing.
Kurt et al., [47] performed FSP on the aluminium alloy 1050 to improve respective mechanical properties.
Samples were subjected to the various tool rotating and traverse rates with and without SiC powders. The optimum processing parameters that were found to give better results were the rotational speed of 1000rpm and traverse speed of 20mm/min. The results revealed that FSP decreased the grain size and increased the hardness of processed material. A good dispersion of SiCp was obtained for the composite layer. The hardness of created composite surfaces was improved by a multiple times when compared with that of base metal. Bending strength of the produced metal matrix composite was significantly higher than processed plain specimen and untreated base metal. The high microhardness of Al/SiCp composite attributed to the presence of reinforcement particles, which also improved the bending strength.
AA2014 aluminium alloy with a thickness of 3mm was subjected to FSP using a tool made up of Cr-Mo steel [48] . The recommended operating parameters were a tool speed of 1000rpm, traverse feed rate of 60mm/min and 2° tilt angle. Five different tool pin profiles were tested and the hexagonal tool possessed the highest UTS of 398MPa and yield tensile strength of 365MPa. The highest hardness value found in the nugget zone for hexagonal processed tool pin was 148.6HV. The microstructural study confirmed that the sample processed with hexagonal tool exhibited superior surface properties compared to the rest of the tools. FSP resulted in grain refinement from 87.5µ to 2.5μ. The SEM results revealed that the grain size at the nugget zone exhibited reduction in granular volume of α-aluminium phase, which lead to the enrichment of hardness.
This exceptional quality of grain refinement improved the overall structural stability and integrity of the material.
The influence of FSP on the microstructure and mechanical properties in terms of hardness for AA6061 sheet was studied and investigated [49] . The workpiece was subjected to FSP by different number of passes utilizing cylindrical shaped geometry type high steel tool. Microstructural evaluation of the modified surfaces was carried out using optical microscopy. From the microstructural evaluation, the grain size of the processed area decreased by 70% compared to the unprocessed base metal. This was anticipated due to grain refinement by the FSP tool in the material during processing. The hardness results indicated that as the number of passes increased, the hardness of the produced composite surfaces increased steadily. It was noted here that the strength of stirred surface area was 1.75 times higher than the unstirred surface area.
The 7039 aluminium alloy was friction stir processed for the analysis of mechanical properties compared to the base material ones [50] . The modified surfaces were characterized in respect to macrostructure, microstructure, hardness and tensile properties. The results showed an increase in ductility from about 13.5% to 23.6% while the ultimate and yield strength were adversely affected. The results showed higher ductility on the longitudinal direction than in traverse direction. The multi-pass friction stir processing produced higher hardness than the single pass one. The friction stir processed AA7039 hardness test results were found to be lower than that of the unprocessed alloy.
Santella et al. [51] showed that FSP created a uniform distribution of broken second-phase particles of A319 and A356 and eliminated the coarse and heterogeneous structure of the alloys. The study was performed to assess the mechanical properties and reported that the tensile and fatigue behaviour of the material were improved with friction stir technique. The TEM observations revealed the generation of a fine-grained structure of 5 to 8µ in FSP A356. Furthermore, TEM examinations revealed that the coarse Mg2Si precipitates in the as-cast A356 sample disappeared after FSP, indicating the dissolution of most of the Mg2Si precipitates during FSP. After FSP, most of the solutes were retained in solution, due to rapid cooling from the FSP temperature, thereby forming a supersaturated aluminium solid solution.
Wrought aluminium alloy 5059 with a 6.3mm thickness was friction stir processed using 3 different tool shapes, and 3 different rotation speeds [52] . The tests employed include microstructural analysis microhardness and tensile tests. Preliminary results indicated that a fine grained structure was achieved with improved mechanical properties. The results showed that FSP with a rotation speed of 638 RPM using a tool with a 3-flat threaded pin produced an average grain size of 1.24μm in the stir zone. Applying higher rotation speeds, or use of tools with a conventional threaded or grooved pin which did not contain flats resulted in larger grains. The tensile properties attained were a yield strength of 250MPa and UTS of 357MPa were slightly higher than those of the as-received material, while the elongation at fracture was significantly improved up to 26%. The tensile results correlated with the grain refinement occurred as a result of dynamic recrystallization during FSP.
Friction stir processing of cast Mg-9Al-1Zn alloy plus subsequent aging produced a defect-free recrystallized fine-grained microstructure with fine β-Mg17Al12 particles [53] . Compared to the as-cast parent material, the FSP sample exhibited significantly enhanced fatigue properties, with the fatigue strength being increased from 45 to 95MPa and the fracture mode being changed from quasi-cleavage fracture to dimple fracture. The improvement was attributed to the refinement of grains, elimination of porosities and coarse β networks, and precipitation of fine β particles.
Sakurada et al., [54] were the first to perform a study on underwater friction joining process. Their study was utilising the 6061 aluminium alloy. Their results showed that it was possible to generate enough friction for processing even though the workpieces were underwater. The stirred region of the underwater weld joint showed a finer microstructure in comparison to the one exposed to room temperature air conditions. The elongation of the underwater joints was lower than that of the air. The results also revealed the hardness increase in AA6061 from 60 to 90HV which lead to a joint efficiency increase of 33%. Hofmann & Vecchio, [55] studied the effect of submerging FSP on the grain size of Aluminum alloy Al-6061-T6 compared to in air FSP. Their results showed that more grain refinement was attained under submerging conditions due to a faster cooling rate. They also used boundary migration model to predict the grain size using measured thermal histories of the stirred material.
The fracture of the underwater joints was discovered to be dependent on the tool rotational speed [56] . The joints welded at 600, 800 and 1000-1200rpm were tensile fractured in the SZ, TMAZ and HAZ respectively. [57] investigated the friction stir processing of AZ31 magnesium alloy in normal and submerged conditions and their effect on tensile properties, grain structure, power consumption, and thermal fields. The average grain size of 18.9µm, 15.9µm, and 13.3µm were obtained for FSP in the air, submerged in hot water and cold water respectively. The most grain refinement was found in cold water FSP conditions. The thermal results revealed the peak temperature for weld in air as highest at 477K as in the case of cold and hot water joint, it was 385K and 433K respectively. The time spent for the processing is 16.5s, 7s and 4s for FSP in the air, submerged in hot water and cold water. From the results it was evident that SFSP not only reduces the temperature but also reduce the time spent processing the material. Sabari et al. [58] reported that the higher temperature gradient (along transverse and longitudinal weld axes) and higher cooling rate in underwater friction stir welds were a result of uniform heat absorption capacity of water when compared to the air-cooled welds.
Darras & Kishta
Commercial 5083 aluminium alloy rolled plates were subjected to friction stir processing (FSP) with a tool rotational speed of 430rpm and a traverse feed rate of 90mm/min [59] . The microstructure analysis showed a fine grain of 1.6µm and an average disorientation angle of 24⁰. Ductility was measured using tensile elongations at a temperature of 250⁰C at three strain rates, and demonstrated that a decrease in grain size resulted in significantly enhanced ductility and lower forming loads. The ductility of the friction stir processed material was enhanced by a factor ranging from 2.6 to 5 compared to the ductility of the base metal, in the range of the strain rates tested. The strain rate sensitivity of the processed material was 0.33 while for the base metal was 0.018. The deformation mechanism in the fine-grained specimens was mainly controlled by solute drag creep, though the contribution of grain boundary sliding to the deformation process cannot be overlooked. Both mechanisms led to significant flow localization and simultaneous cavity formation.
Akinlabi et al., [60] showed the effect of the tool rotational and traverse speeds as well as the number of passes on tribological characteristics of the modified surfaces was investigated. The FS-processed samples exhibited lower wear rates than the as-cast A390 hypereutectic Al-Si alloy. The wear rates were found to be reduced by reducing the tool rotational speed and increasing the tool traverse speed. Increasing the number of FSP passes reduced the wear rate as well as the coefficient of friction. While the minimum average coefficient of friction was about 0.33 for samples Friction Stir-processed for three pass at 1200rpm and 20mm/min. The wear resistance of the FS-processed samples was improved by increasing the tool traverse speed and reducing the tool rotational speed.
Toma et al., [61] proved that the FSP tool cutting depth has an effect on the mechanical properties and microstructures of aluminium alloy 6061-T6. Friction stir process tool travel and rotation speeds effects on the surface topography, hardness, tensile mechanical properties and microstructures of aluminium alloy were studied. The cylindrical tool without pin diameter (20 mm), tool rotational speed (800 rpm) and travel speed (60 rpm) employed. The test results indicated that the hardness increased with the cutting depth. The crystal structure analysis revealed that the hardness increased in the case of two stages twice the case of one stage.
It was also noted that the size of the engineering flaws granules became smaller and the size of these granules increased with the cutting depth. In addition, the ratio of granule size and the friction in the case of two stages was twice the case of one stage.
Abrahams et al., [62] investigated the properties and microstructure of friction stir processed 7075-T651 aluminium alloy using various tool designs. Trials were conducted on AA 5005-H34 with the aim of determining the most suitable FSP tool design out of the considered three different pin designs. Fully recrystallized fine microstructure and a defect free processed zone were achieved through the use of some of the FSP pin designs. FSP application resulted in grain refinement of the processed zone of AA5005-H34.
The grain sizes were refined from the initial 192µm pancake-like microstructure in the AA 5005-H34 base material to 10-20µm in the processed regions. Similarly, on the AA7075-T651 the grain size of the base metal decreased from 50µm to 4-10µm in the processed regions of the FSP of the same aluminium alloy.
The traverse speed had a greater influence on the microhardness and mechanical properties, compared to the tool rotational speed. Microhardness and mechanical properties were improved as the traverse speed increased, due to the reduction in the precipitate-free zones at the grain boundaries.
Effect of the processing parameters of friction stir processing on the microstructure and mechanical properties of 6063 aluminium alloy was added to the literature [63] . After FSP, fine equiaxed α-Al grains formed in the weld nugget of 6063 Al alloy, and their size increased with increasing tool rotation speed in the range of 300-700rpm. Tunnel defects were observed in the TMAZ for a low tool rotation speed of 300rpm. When the rotational speed exceeded 700rpm, a good combination interface can form between the WN and the TMAZ.
Electron backscatter diffraction results showed that the fraction of the high-angle grain boundary was increased after FSP in the WN. The alloys exhibited a more concentrated distribution and higher densities.
The TEM analysis results showed that the densities of needle-shaped precipitates were reduced in the WN.
Some high-density dislocation pile-ups formed at some grains. The UTSs was lower than that of the base metal at lower tool rotation speeds. With increasing speed, the UTSs increased gradually and then became higher than that of the BM. The strain values were all lower than that of the BM.
The 5mm thick sheets of AA7075 were subjected to underwater and room temperature friction stir technique for the analysis of metallurgical and mechanical properties [64] . The variable process parameters were used.
The temperature during FSP was monitored and recorded using the K-type thermocouple placed underneath the plate close to the abutting line of the workpiece. The average grain and precipitate sizes of the weld nugget zones were significantly reduced by the submerged conditions and travel speed increase. A critical travel speed of 150mm/min was attained in underwater welds beyond which the average grain sizes remain relatively the same. Optimum weld strengths of 396 and 360MPa were obtained in the underwater and aircooled welds at tool rotational and travel speeds of 800rpm and 50mm/min respectively.
Fabrication of the AA6063/SiC composite material by doping SiC via friction stir processing [65] . The selected material was friction stir processed at constant tool rotational and welding speed of 1400rpm and 65mm/min respectively. SiC particles were incapacitated in a series of holes of 2mm diameter and 4.8mm depth made in AA6063 plate for the fabrication of composite. Tests conducted include tensile, impact, microhardness, and microstructure testing. The results for microhardness of the stir zone of fabricated AA6063/SiC composite has high microhardness (95HV) as compared to the base material. The increase in hardness was due to the presence and pining effect of hard SiC particles. Fabricated AA6063/SiC composite material had a high tensile strength at the rate of 220MPa as compared to the base metal. The increase in tensile strength and the formation of fine grain structure was beacause of the good bonding between SiC particles and base metal.
The microstructural modification of AA206 through the use of FSP was also reported in the literature [66] .
This modification was performed so as to comparatively evaluate the mechanical properties of processed and unprocessed AA206 material. A 6.26mm and 16mm thick plates were used for tensile and fatigue test respectively. The two key processing parameters were tool rotation speed of 1000rpm and tool traverse speed of 50.8mm/min. The results showed an increase in both yield strength and UTS after FSP when compared to those of the base metal. There was a notable improvement in yield strength and UTS on the processed plates compared to the base material. The percentage of elongation and fatigue strength also increased compared to the unprocessed ones. The increase in these properties correlated with the grain size refinement and homogeneity.
Thakral et al., [67] used FSP to enhance the tensile properties and hardness of the TIG welded AA6061-T6 joint. The tests performed include tensile, hardness and microstructure analysis. Tensile results showed that the average UTS value for the base metal was 299MPa, 85MPa for the TIG weld joint and 125MPa for FSP TIG joint. An increase of 48% was reported on the UTS on the TIG welded joint. The hardness values of FSP TIG specimen ranged from 72-74HV which was almost similar to that of base metal which was 74HV whereas in TIG specimen hardness value ranged from 66-68HV. Microstructural analysis was performed on the weld zone to evaluate the effect of welding parameters on welding quality and grain structure. The microstructure of FSP TIG joint showed very fine equiaxed recrystallized grains compared to the microstructure of TIG joint. This, therefore, meant that FSP can be used as a post-processing technique.
The effect of a single pass FSP on the mechanical properties and microstructure of the commercially pure aluminium was investigated [68] . The parameters employed were a downward force of 5kN, traverse speed of 150mm/min and the tool rotation speed of 640rpm. FSP resulted in refined grain size of 3µm from the base metal grain size of 84µm. The TEM results presented fine grains with well-defined boundaries. The tensile results showed UTS increase of 25% from 72 to 90MPa and the ductility decreased by about 10%. The impurity particles observed in TEM resulted in the yield strength of 35MPa. The hardness also improved substantially from 29HV to 42HV.
Feng et al., [69] investigated the effect of SFSP on the microstructure of the 2.5mm thick aluminium alloy 2219 sheet. Process parameters used were the traverse speed of 200mm/min and rotational speeds ranging from 600 to 1000rpm. Tests employed include microstructure analysis, microhardness. The grain size on the stir zone was less than that of the base metal. The area fraction of the ultra-fine grains in the stir zone increased as heat input decreased. The results showed a decrease in microhardness of the SFSP stir zone compared to that of the unprocessed BM. The exhibited average microhardness in the stir zone were 95HV and 100HV, corresponding to the tool rotational speed of 1000rpm and 800rpm
The 6mm thick aluminium alloy 6082 was subjected to underwater FSP to test the changes in the UTS [70] .
The High Carbon High Chromium Steel rod of diameter 20mm material was used as the processing tool for this investigation. The result revealed that the maximum tensile strength of the underwater joints was higher (221.6MPa) than that of the normal air (195MPa).
The effect of SFSP on the mechanical and microstructural properties of 10mm thick AA7075 was investigated [71] . A thermocouple was used to record the temperature of water. The FSP caused the non-uniform structure of the raw material with an average grain size of 18 micrometers to change into a uniform structure. The single pass FSP was carried out using a traverse speed of 40 and 63mm/min and a rotational speed of 800 and 1250rpm in the water and at the ambient temperature. 1250rpm and 63mm/min were found to be the optimum rotational and traverse speed respectively. Tests conducted include macro and micro Structure analysis, microhardness, and tensile tests. The microstructural results revealed that FSP refined the structure to the grain size to 8.2µ for underwater and 12.1µ for air. Tensile results showed an improvement in yield stress, ultimate stress, and elongation of the specimens after FSP. 115MPa, 405MPa, 33.5% respectively for underwater. For FSP in the air, the results were yield strength of 117MPa, UTS of 405MPa and 28.5% for elongation. Furthermore, Vickers average hardness results 148HV in the water and 131HV in the air, showing a decrease compared to the BM which was 156HV.
Mostly Processed Welding Techniques
Based on the literature cited the most friction stir processing is done on the to enhance the properties of the base metal rather than welded joints. Few literatures [39, 52] reports on post processing the friction stir welded joints, while only [68] reports on using FSP as a post processing of the TIG welded joints. No other searchable literature obtained on post processing for both FSW and TIG welded joints.
Mostly Processed Grades
The most processed aluminium alloy series based on the presented literature was 6xxx (6061, 6082, 6063, 60560), with 6061 taking a lead. Following the 6xxx was the 7xxx (7075, 7039), 2xxx (2024, 2219, 2014) and the 5xxx (5005, 5083, 5059).
Conclusions
In all the work that has been performed thus far, it has been noted that all the focus has been on FSP as an enhancement technique on aluminium alloys, magnesium and other alloys. It is also noticed that the common mechanical properties analysed include the tensile test, fatigue and microhardness. These properties are studied correlatively with the microstructure. No literature has been reported so far, which considers FSP as a post weld processing technique for TIG dissimilar alloy welded joint. There is also no trace of any literature on submerged friction stir processing of TIG and FSW welded dissimilar alloy joints. The therefore opens a gap on the FSP and SFSP as a post-processing technique to the dissimilar alloy weld joints for FSW and TIG welding techniques.
